Central noradrenergic pathways are involved in feeding and cardiovascular control, physiological processes altered by obesity. e present studies determined how high-fat feeding and body weight gain alter the sensitivity to the feeding suppression and neural activation to a selective norepinephrine reuptake inhibitor, nisoxetine. Acute administration of nisoxetine (saline: 0, 3, 10, and 30 mg/kg; IP) resulted in a dose-dependent reduction in the 24 h refeeding response in male Sprague Dawley rats maintained on standard chow. In a similar fashion, nisoxetine resulted in reductions in blood pressure and a compensatory increase in heart rate. From these studies, the 3 mg/kg dose was subthreshold. In a separate experiment, however, 10 wk exposure to a high-fat diet (60% fat) resulted in weight gain and signi�cant feeding suppression following administration of nisoxetine (3 mg/kg) compared with animals fed a control diet (10% fat). Nisoxetine (3 mg/kg) also resulted in greater neural activation, as measured by c-Fos immunohistochemistry, in the arcuate nucleus of the hypothalamus in animals exposed to the high-fat diet. Such data indicate acute nisoxetine doses that suppress food intake can impact cardiovascular measures. It also suggests that the feeding suppression to a low-dose nisoxetine is enhanced as a result of high-fat diet and weight gain.
Introduction
Obesity is a risk factor for cardiovascular disease [1, 2] . Central noradrenergic pathways are involved in regulating cardiovascular function, as well as in the control of food intake [3, 4] . Norepinephrine (NE) levels and sympathetic activity are responsive to stressors and glycemic �uctuations [5] [6] [7] . Central-acting pharmacological compounds that have actions on norepinephrine and other biogenic amines are currently used (e.g., phentermine and related formulations) or have the potential (e.g., tesofensine and bupropion/ naltrexone) to treat obesity [8, 9] . However, elevations in heart rate and blood pressure are adverse effects that are oen associated with the long-term use of these medications [10, 11] . erefore, understanding how central-acting noradrenergic compounds impact feeding behavior and related neural structures can provide more targeted approaches for the treatment of obesity.
Nisoxetine (3-[2-methoxyphenoxy]-N-methyl-3-phenyl-1-propanamine) is a highly selective central-acting norepinephrine reuptake inhibitor originally developed as an antidepressant [12, 13] . In vitro studies with nisoxetine revealed that norepinephrine levels were 1,000-fold higher than serotonin (5-hydroxytryptamine; 5HT) levels and 300-fold higher than dopamine levels [13, 14] . Aer studies suggested it did not have the desired antidepressant effect [15] , nisoxetine has been used instead as a pharmacological tool to discriminate the involvement of the noradrenergic system. Radiolabeled nisoxetine is also used to identify norepinephrine transporter (NET) kinetics and density [14, 16, 17] .
Relevant to feeding behavior, nisoxetine has been used to distinguish the contribution of NET inhibition on the feeding suppression of sibutramine, a potent NE and 5HT reuptake inhibitor, and bupropion, a potent NE and dopamine reuptake inhibitor [18, 19] . Even though NE reuptake inhibition has an additive effect when combined with other monoamine reuptake inhibition, examinations of the feeding effect of nisoxetine alone have had mixed �ndings [18] [19] [20] [21] . Because sibutramine and its metabolites have relatively good bioavailability when orally administered [22, 23] , an apparent discrepancy between studies is the route of administration of nisoxetine. at is, in experiments where the drug is compared with sibutramine and given by oral gavage, nisoxetine has little effect on food intake [19, 21] . In contrast, nisoxetine administered by intraperitoneal (IP) injection produces a dose-dependent feeding suppression (0.1-63 mg/kg) [18] . is suggests that nisoxetine has poor oral bioavailability and has limited effectiveness on food intake when orally administered. Since the susceptibility to diet-induced obesity has been associated with increased sympathetic and central norepinephrine activity [24] [25] [26] , the feeding suppression produced by an IP injection of nisoxetine can be used to determine how dietary conditions alter the noradrenergic controls of feeding. One aspect that has not been investigated is whether doses of nisoxetine that suppress food intake alter cardiovascular and blood pressure parameters.
e present studies used acute nisoxetine (IP) to identify its dose-dependent effects on feeding behavior and hemodynamic measures. From these experiments, a subthreshold dose of nisoxetine was used to determine the in�uence of weight gain following prolonged exposure to a high-fat diet on the noradrenergic controls of feeding. To further assess whether exposure to a high-fat diet alters neural responses to nisoxetine, c-Fos immunoreactivity was measured in several neural structures.
Materials and Methods

Animals.
Adult male Sprague Dawley rats (8 week old) acquired from Harlan Laboratories (Frederick, MD) were individually housed and placed on a 12/12 h light dark schedule (lights off at 1700 h). Rats were fed standard chow (Purina Rat Diet 5012, 13% fat, 27% protein, 3.1 Kcal/g), unless otherwise noted, and water was available at all times during the experiments. All procedures were approved by the Institutional Animal Care and Use Committee of Rutgers University and were in accordance with NIH guidelines.
Nisoxetine Refeeding Dose
Response. Animals ( ) were food deprived 24 h before each injection. For this within-subject design, each animal received an IP injection of vehicle (saline) and nisoxetine HCl (Tocris Biosciences; 3, 10, and 30 mg/kg). Each injection was randomized and separated by a one-week wash-out period. Food intake measurements were recorded at 0.5, 1, 4, and 24 h aer injection. Food intake was measured to the nearest ± 0.1 g.
Nisoxetine Hemodynamic Dose Response.
In an identical within-subject design as described above, animals ( ) were 24 h food deprived and, upon re-feeding and injection, cardiovascular parameters were measured by using a noninvasive tail-cuff volume pressure recording system (CODA, Kent Scienti�c). Animals were habituated to the CODA system for three consecutive days one week before beginning the nisoxetine or saline dosing. On recording days, animals were acclimated to the CODA system 5 min before the recordings. Measurements for each time were determined by averaging the values for 3 successful recording trials at 1, 4, and 24 h aer injection. ese included measurements for mean blood pressure (BP), diastolic BP, systolic BP, and heart rate.
Diet-Induced Changes to the Feeding Suppression of
Nisoxetine. Aer 1-week acclimatization to standard chow, animals were placed on a high-fat diet (HF), ( ; Research Diets D12492, 60% fat, 20% protein, 5.24 Kcal/g) or control diet (CD), ( ; Research Diets D12450B, 10% fat, 20% protein, 3.85 Kcal/g) for >10 wks. Body weights were measured twice a week. Aer a statistical separation of body weight between groups at 10 weeks, animals began testing with a subthreshold feeding dose of nisoxetine (3 mg/kg), as determined from Section 2.2. Prior to each injection, animals were food deprived for 24 h. Half of the animals in each group were injected with nisoxetine (3 mg/kg, IP), while the other half were injected with saline (IP). In order to control for the palatability and caloric differences in diets, all animals were returned to their cages with standard chow and food intake measurements were recorded at 0.5, 1, 4, and 24 h. Immediately aer the 24 h time point, all rats were returned to their respective diets (i.e., high fat or control). One week later, the animals received the counterbalance of either saline or nisoxetine.
Neural Activation of Nisoxetine in Animals with Diet
Exposures. Two weeks following the nisoxetine feeding suppression test, animals in both diet conditions were given an IP injection nisoxetine (3 mg/kg) or saline. Groups consisted of high fat (nisoxetine);
, high fat (Saline); 4, control diet (nisoxetine); 4, control diet (Saline); 4. Two hours later, rats were deeply anesthetized with sodium pentobarbital (100 mg/kg), exsanguinated with 0.9% saline, and perfused with 4% paraformaldehyde. Brains were removed, stored overnight in 4% paraformaldehyde with 25% (wt/vol) sucrose at 2-8 ∘ C, and then frozen and sectioned at 40 m on a cryostat through the forebrain and hindbrain regions. Sections were stored in a cryoprotectant solution at −20 ∘ C until processing. e immunohistochemistry procedure for free-�oating sections with c-Fos primary antibody (1 : 20,000; Calbiochem, EMD Millipore, rabbit polyclonal, PC38) was similar to a previously published protocol [27] . To control for staining variability, each immunohistochemistry run contained matched sections from all between treatment groups and saline controls. Cell counts were performed using NIH ImageJ soware with value per animal for each region representing average counts from 4 anatomically matched sections [28] .
Statistical Analysis.
For the nisoxetine dose response, food intake (Kcal) and individual hemodynamic parameters were analyzed using repeated measures ANOVA. A twoway ANOVA with repeated measures was used to determine whether exposure to the diet in�uenced the feeding suppression of nisoxetine. Cell counts for each region were analyzed using a factorial ANOVA to determine whether there was an interaction between nisoxetine and diet exposure. Posthoc comparisons were made when appropriate with NeumanKeuls test, unless otherwise noted. All statistical analyses were performed with Statistica 7.1 soware (StatSo Inc.) and signi�cance was set at .
Results
Effects of Acute Nisoxetine on Food Intake in 24 h
FoodDeprived Chow-Fed Rats. ere was a dose-dependent effect of nisoxetine (0-30 mg/kg) on the re-feeding response of standard chow. A repeated measures ANOVA indicated a dose effect ( , ), time effect ( , ), and a dose X time effect that approached signi�cance ( , ). Posthoc testing revealed the 10 mg/kg and 30 mg/kg were significantly different from all other doses ( for both), see Figure 1 (a). When data were expressed as a ratio of individual saline intake to illustrate dose suppression, see Figure 1 (b), there was a signi�cant suppression with 30 mg/kg and 10 mg/kg from 3 mg/kg at all time points ( ). Data indicated that the 3 mg/kg dose was subthreshold for the nisoxetine-induced feeding suppression of standard chow in animals maintained on standard chow.
Effects of Acute Nisoxetine on Hemodynamic
Measurements in Chow-Fed Rats. All hemodynamic measurements were signi�cantly altered by nisoxetine. ere was an overall dose effect for mean BP ( , ), systolic BP ( , ), diastolic BP ( , ), and heart rate ( , ). Posthoc testing revealed that there was a signi�cant decrease in mean BP at 1 h for 10 mg/kg and all time points for 30 mg/kg from saline ( for all); see Figure 2 
Diet-Induced Alterations in the Feeding Suppression of
Nisoxetine. As illustrated in Figure 3 (a), there was increased caloric intake with animals on the high-fat diet. e Kcal intake showed a signi�cant overall diet effect ( , ) and time effect ( , ). is was accompanied by an increase in body weight over time ( , ) , with a signi�cant diet X time effect ( , ). Post-hoc testing revealed that the high-fat diet group had a signi�cantly higher body weight from the control diet group at week 10 ( ), see Figure 3 (b). Rats with high-fat diet exposure showed a higher sensitivity to the feeding suppression of nisoxetine (3 mg/kg). F 1: Dose response of acute nisoxetine or saline on the refeeding intake of standard chow. Animals underwent a 24 h food deprivation prior to injections and refeeding. All animals were fed and maintained on standard chow (13% fat, 27% protein). Doses were randomly administered with a week washout between doses. (a) Intake (Kcal) shown is cumulative. # indicates differences ( ) from all other doses. (b) Data expressed as ratio of food intake following saline at the individual time points. Dotted line represents intake from saline injected animals (ratio of 1.0) to illustrate the feeding suppression of nisoxetine. Asterisks indicate signi�cant differences ( ) from 3 mg/kg dose at respective time point.
ere was an overall diet effect ( , ) and nisoxetine effect ( , ). Posthoc testing indicated that the high-fat diet exposed group had decreased chow intake at the 24 h time point ( ). Nisoxetine in the high-fat diet exposed group resulted in feeding suppression from the saline at the 1 h time point ( for both). ere was a greater feeding suppression from all groups with nisoxetine in the high-fat diet exposed group at the 4 and 24 h time points ( for both), see Figure 4 . . Post-hoc testing revealed animals injected with nisoxetine with highfat diet exposure had more c-Fos positive cells in the arcuate nucleus than animals injected with saline and exposed to either high-fat diet or control diet ( for both). Planned comparisons between animals receiving nisoxetine revealed the high-fat diet exposed animals had signi�cantly more c-Fos positive cells than animals exposed to the control diet (
Neural Activation with Nisoxetine in Animals with
); see Figure 6 (a). In the orbitofrontal cortex (lateral and ventral regions), there was only a signi�cant effect with nisoxetine increasing the number of immunopositive cells ( , ). ere were no signi�cant effects for diet or diet X nisoxetine, see Figure 6 (b).
Discussion
is study investigated the acute effects on feeding and hemodynamic measures of nisoxetine, a potent selective norepinephrine reuptake inhibitor, in adult male Sprague Dawley rats. It was determined that feeding a high-fat diet, which resulted in weight gain, increased sensitivity to the feeding suppression of low-dose nisoxetine. is increased F 4: Diet-induced changes to the feeding suppression of a subthreshold nisoxetine dose. Following a 10-week feeding of highfat or control diets, all rats were given a 24 h food deprivation and then fed standard chow. Animals were injected (IP) with either nisoxetine (3 mg/kg) or saline. One week later the injections were counterbalanced. Rats exposed to a high-fat diet showed a higher sensitivity to feeding suppression of nisoxetine at 4 and 24 hours. Animals exposed to the high-fat diet had an overall reduced intake of chow at 24 h, which is indicated by * ( ). Similar letters indicate signi�cance from each other ( ). # indicates difference ( ) from all groups at the individual time points.
sensitivity was accompanied by enhanced neural activation in the arcuate nucleus of the hypothalamus, a neural structure critical in the homeostatic control of feeding and body weight. e �ndings of this study indicated that nisoxetine, when given by intraperitoneal injection, produced a dosedependent refeeding suppression of standard chow over 24 h. Feeding suppression from saline was observed in the 10 mg/kg and 30 mg/kg doses, while the 3 mg/kg was subthreshold in normal-weight rats fed standard chow. In a study by Billes and Cowley comparing the additive effects of nisoxetine and a selective dopamine reuptake inhibitor (GBR12783) on feeding measurements, intraperitoneal nisoxetine (0.1-63 mg/kg) alone produced a similar dose-dependent refeeding (i.e., following a 16 h food deprivation) suppression of 24 h intake of standard chow in mice [18] . In a follow-up study, Billies and Cowley found the feeding suppression of nisoxetine (4 mg/kg) did not affect locomotor activity over the 24 h feeding period, but did decrease average intrascapular temperature in mice [20] . Our investigation extended these �ndings over a narrower dose range in rats (3-30 mg/kg) and measured the in�u-ence of these doses on hemodynamic measurements. Our results indicated that the 30 mg/kg dose reduced mean blood pressure at 1 h, 4 h, and 24 h aer injection. At the 24 h time point, the 30 mg/kg dose produced tachycardia, possibly compensatory to the depressor effect. is dose also still had an approximate 40% feeding suppression, 24 h aer injection. It is interesting to note that the 10 mg/kg nisoxetine dose suppressed food intake by approximately 40% at 0.5 h, 1 h, and 4 h and only had an approximate 10% decrease of mean BP at the 1 h time point. One potential limitation to our �ndings is that the animals had a 24 h food deprivation prior to measuring the hemodynamic parameters. e 24 h food deprivation was done to facilitate comparisons between the feeding suppressive and hemodynamic effects of acute nisoxetine. Although prolonged food deprivation (48 h) does decrease heart rate and increase heart rate variability in lean and obese animals [29] , the effects of the 24 h food deprivation in our study was controlled by randomizing the dosing scheme and having a vehicle control. Altered hemodynamic measurements and hindquarter vasodilation have been demonstrated with acute administration of sibutramine (a potent NE and 5-HT reuptake inhibitor), effects that are reported mediated by actions on the NET [30] [31] [32] . Taken together, the decrease in intrascapular temperature observed by Billes and Cowley and the predominant decrease in blood pressure in our study suggests acute nisoxetine acts centrally to produce a short-term sympathoinhibitory effect. Another novel �nding of the present study was that animals fed a high-fat diet with increased body weight, demonstrated increased sensitivity to the feeding suppression of low-dose nisoxetine. at is, feeding suppression in animals with high-fat diet exposure was observed with the 3 mg/kg dose. is nisoxetine dose did not alter the food intake in standard chow-fed animals or animals fed a lowfat control diet (10% fat). However, the cardiovascular effects of nisoxetine were not assessed in the animals exposed to the high fat diet and it is possible the sensitivity to low-dose nisoxetine on hemodynamic measures was altered as well. In previous studies, the acute feeding effects of nisoxetine (3.5 mg/kg, IP) were assessed in obese mice, but failed to demonstrate diet-induced alterations in feeding suppression [18] . One difference between studies is the method used to measure the acute feeding response. In the study by Billes and Cowley, the feeding suppressive effects of nisoxetine were measured using a high-fat diet (45% fat, 20% protein). e high-fat diet was fed as a maintenance diet for the obese mice and the lean mice were exposed to the high-fat diet about 1 week prior to testing. Because the fat content and the length of diet exposure can in�uence acute palatability and intake, in our study rats were maintained (>10 weeks) on either a high-fat diet (60% fat, 20% protein) or lowfat control diet (10% fat, 20% protein) and were tested on standard chow. e standard chow was not novel per se, since all animals received the diet one week prior to beginning their the high-fat diet demonstrated a reduced 24 h intake of standard chow, a suppressive effect that was enhanced with low dose of nisoxetine. It is possible that this alteration in the sensitivity to the feeding suppression of nisoxetine could have been masked if we had tested the animals with a more palatable high-fat diet, similar to the �ndings of �illes and Cowley [18] . Another possibility is that the control diet, compared with the high-fat diet, was more similar in relative macronutrient content to the standard chow (13% fat, 27% protein), so there was less of a contrast effect in the control diet-fed animals. In addition, we did not include a group fed the high-fat diet calorie matched to the control fed group, so we are unable to determine if the feeding suppression by low-dose nisoxetine was due to the high-fat diet feeding or resulting weight gain. Future studies are needed to investigate whether nisoxetine or other noradrenergic-acting agents can reduce the intake of highly palatable foods and whether weight gain can alter the noradrenergic controls of palatable foods. e increased sensitivity in the feeding suppression of low-dose nisoxetine observed in the overweight animals suggests that the noradrenergic mechanisms involved in the neural and hormonal controls are altered in the development of diet-induced obesity. One limitation to our �ndings is that only a single dose of nisoxetine was used to determine the sensitivity to the feeing suppression. However, the increased sensitivity with high-fat feeding and weight gain was supported by our c-Fos immunohistochemistry studies, which demonstrated that animals exposed to the high-fat diet had greater neural activation in the arcuate nucleus of the hypothalamus. Nisoxetine also increased the number of cFos positive cells in the orbitofrontal cortex, but this activation was not in�uenced by diet. An increase in the lateral orbitofrontal cortex has been demonstrated with another selective noradrenergic reuptake inhibitor, reboxetine [33] . e differential dietary activation of nisoxetine in the arcuate nucleus, however, is of considerable importance because this region is critically involved in the central and peripheral integration of the expression of feeding behavior and body weight controls [34] . Although the exact role of NE in this region had not been delineated, it does appear NE plays a role in regulating neuronal activity of arcuate neurons. Using an in vitro slice preparation, NE application altered the spontaneous discharge rate of arcuate neurons. Most of the responses to NE were excitatory with 61.5% of these neurons increasing their �ring rate, 22.9% decreasing their �ring rate, and 15.6% were unresponsive. In addition, excitation of the arcuate neurons were mediated by both 1-adrenergic and -adrenergic receptors [35] . Hindbrain noradrenergic input also appears to modulate orexigenic arcuate neuronal population. Using saporin-conjugated antidopamine hydroxylase (DSAP), a selective immunotoxin that destroys NE and epinephrine (E) containing neurons, loss of NE/E input in the arcuate nucleus resulted in an increase in baseline levels of neuropeptide Y/agouti-related peptide (NPY/AgRP) mRNA expression. Norepinephrine/epinephrine in the arcuate nucleus appears to regulate glucoprivic feeding response, since animals with DSAP immunotoxin lesions do not increase their food intake in response to 2-deoxy-d-glucose [36] . Studies from Levin and colleagues demonstrated the NE turn-over rate in the arcuate nucleus/median eminence is increased in animals as a result of diet-induced obesity or in rats prone to diet-induced obesity [37, 38] . In this sense, an increase to the feeding suppression to low-dose nisoxetine could have been a result of increased arcuate NE or increased NET availability or both in this region. In addition, one aspect lacking in our study is that we did not determine the phenotype of the c-Fos positive cells. Future work is certainly needed to determine the interaction between diet-induced alterations in arcuate NE, NET availability, and the feeding suppressive and cardiovascular effects of nisoxetine.
Conclusion
Obesity is associated with neural and metabolic alterations, which are involved in sustaining feeding behavior and increasing body weight. Even though noradrenergic mechanisms involved in feeding and cardiovascular controls are altered with obesity, it remains unclear how the feeding alterations, brain norepinephrine, and cardiovascular alterations interact in the development of obesity. is study used a selective norepinephrine reuptake inhibitor, nisoxetine, to focus on the diet-induced alterations in feeding that emerge with onset of weight gain. Data from these experiments demonstrate that the development of obesity resulted in an increased sensitivity to the feeding suppression effects of nisoxetine and increased nisoxetine-induced neural activation in feeding-related pathways. Our �ndings have direct implications for treatment strategies of obesity and related metabolic alterations. One thing to note is that the enhanced feeding suppressive effects of low-dose nisoxetine was demonstrated when tested on standard chow. Changes in diet are oen accompanied (and are recommended by health care professionals) with the prescribing pharmacotherapy for the treatment of obesity [39] . erefore, our �ndings suggest that medications, which act on noradrenergic pathways, may facilitate the feeding suppression needed to reduce food intake and manage obesity, at least in the short-term. Future studies will be conducted to determine the long-term impact of central noradrenergic modulation, food intake, weight management, and cardiovascular control.
